Human and rodent islets differ substantially in several features, including architecture, cell composition, gene expression and some aspects of insulin secretion. Mouse pancreatic islets are highly vascularized with interactions between islet endothelial and endocrine cells being important for islet cell differentiation and function. To determine whether human islets have a similar high degree of vascularization and whether this is altered with diabetes, we examined the vascularization of islets from normal human subjects, subjects with type 2 diabetes (T2D), and normal mice. Using an integrated morphometry approach to quantify intra-islet capillary density in human and mouse pancreatic sections, we found that human islets have five-fold fewer vessels per islet area than mouse islets. Islets in pancreatic sections from T2D subjects showed capillary thickening, some capillary fragmentation and had increased vessel density as compared with non-diabetic controls. These changes in islet vasculature in T2D islets appeared to be associated with amyloid deposition, which was noted in islets from 8/9 T2D subjects (and occupied 14% ± 4% of islet area), especially around the intra-islet capillaries. The physiological implications of the differences in the angioarchitecture of mouse and human islets are not known. Islet vascular changes in T2D may exacerbate β cell/islet dysfunction and β cell loss. (J Histochem Cytochem 63:637-645, 2015) 
Introduction
Pancreatic islets in rodents have a rich capillary network (Bonner-Weir and Orci 1982; Brissova et al. 2006; Nyman et al. 2008 ) and endothelial cells provide signals for early pancreas endoderm specification and endocrine cell differentiation (Lammert et al. 2001; Magenheim et al. 2011; Sand et al. 2011; Yoshitomi and Zaret 2004) . Although islet endocrine cells produce several angiogenic factors, the development and maintenance of pancreatic islet vasculature is primarily controlled by vascular endothelial growth factor-A (VEGF-A) and VEGF receptor 2 (VEGFR2) signaling, where VEGF-A produced by islet endocrine cells interacts with VEGFR2 expressed on intra-islet endothelial cells (Brissova et al. 2006) . A series of recent studies has demonstrated that the precise control of VEGF-A production in developing and adult β cells is essential for normal islet vascularization, which, in return, regulates several important aspects of islet biology, including β cell mass, function, regeneration and islet innervation (Brissova et al. 2006; Lammert et al. 2003; Reinert et al. 2013; Reinert et al. 2014) . When VEGF-A is inactivated either in the early pancreas or newly formed β cells, the intraislet capillary plexus fails to fully mature, resulting in substantial defects in β cell proliferation, insulin secretion and glucose homeostasis (Brissova et al. 2006; Lammert et al. 2003; Reinert et al. 2013) . In contrast, overexpression of VEGF-A in developing and adult β cells induces endothelial cell expansion and hyper-vascularization, which are detrimental to islet formation and result in β cell loss Cai et al. 2012 ). Interestingly, islet VEGF-A expression remains tightly controlled even during insulin resistance when islets become progressively hyperplastic due to β cell hyperplasia. We recently showed that the vascular remodeling in ob/ob mice is surprisingly not mediated by angiogenesis but rather through dilation of preexisting islet capillaries . Similar alterations in islet capillary morphology, to those seen in ob/ob mice, have been described in other rodent models of insulin resistance and diabetes (Li et al. 2006; Like and Chick 1970; Nakamura et al. 1995; Mizuno et al. 1999; Shao et al. 2006; Tikellis et al. 2004) . How the islet vasculature and its response to insulin resistance and diabetes compare in human and rodent pancreas is not known.
Human islet morphology is substantially different from that of rodent islets (Brissova et al. 2005; Cabrera et al. 2006) . Additionally, human and mouse islets differ in their expression of antioxidant enzymes (Dai et al. 2012; Kondegowda et al. 2012; Vernier et al. 2012) , glucose transporters (GLUT1 vs. GLUT2) (De Vos et al. 1995; Ferrer et al. 1995) , islet-enriched transcription factors (Dai et al. 2012; Guo et al. 2013) , β cell proliferative capacity (Avrahami et al. 2014,; Fiaschi-Taesch et al. 2013) , epigenetics (Avrahami et al. 2014; Kameswaran et al. 2014) , and regulation of insulin secretion (Dai et al. 2012; Henquin et al. 2006a Henquin et al. , 2006b Ling and Pipeleers 1996) . Moreover, Butler and colleagues showed that islets are not hyperplastic in obese human subjects with insulin resistance (Butler et al. 2003) unlike those in mouse models.
Another important difference between human and rodent islets is that human, unlike rodent, β cells produce amyloidogenic islet amyloid polypeptide (IAPP, also known as amylin). IAPP aggregation and amyloid formation is present in the majority of islets of humans with type 2 diabetes (T2D) (Clark et al. 1988; Jurgens et al. 2011; Westermark 1972) but does not occur in models of rodent diabetes (Westermark et al. 1990 ). Islet amyloid formation is associated with β cell toxicity (Lorenzo et al. 1994) , increased β cell apoptosis and decreased β cell mass in human diabetes (Jurgens et al. 2011) .
In T2D, decreased insulin secretion is a critical contributor to the pathogenesis of the disease. This is due to both functional abnormalities in the β cell, which manifests as impaired insulin release (Porte 1991) , and decreased β cell mass (Butler et al. 2003; Jurgens et al. 2011; Klöppel et al. 1985; Rahier et al. 2008) . The contribution of genetic and environmental factors (e.g., nutrient excess) to β cell loss and dysfunction has been widely studied (Halban et al. 2014 ). However, our understanding of the mechanisms of β cell loss and dysfunction in diabetes remain incompletely understood. Islet amyloid, similar to collagen deposition (Hayden et al. 2008) , is found in the extracellular matrix that lies between β cells and islet capillaries (de Koning et al. 1994; Narita et al. 1992; Schneider et al. 1980,) . Thus, in addition to exerting toxic effects on the β cell, islet amyloid deposition may also be associated with loss or disruption of islet capillaries.
In the present study, we determined islet capillary density and morphology in autopsy pancreas specimens from humans with and without T2D, and investigated the association of islet amyloid deposition with the islet vasculature.
Materials & Methods

Human Autopsy Pancreas Specimens
Formalin-fixed, paraffin-embedded pancreas specimens from nine patients with T2D and eight non-diabetic control subjects were identified as part of a study approved by the institutional review boards at the University of Washington and the VA Puget Sound Health Care System. These subjects form a subset of those described in a previously published study, which includes a detailed description of the inclusion/exclusion criteria (Jurgens et al. 2011 ). An additional five subjects without T2D were also included in this study. These were obtained from a de-identified repository at Vanderbilt University Medical School and for whom demographic information is not available.
Mice
Animal studies were performed in accordance with guidelines of the Vanderbilt University IACUC. Pancreata were obtained from six mice on the C57BL/6J background (Jackson Laboratory; Bar Harbor, ME) and processed as described previously (Brissova et al. 2006 ).
Immunohistochemical Procedures and Islet Imaging
Islet capillaries in mouse pancreata were labeled with FITCconjugated endothelium-binding tomato lectin (Brissova et al. 2006) . To visualize islet capillaries, human pancreas tissue sections first underwent antigen retrieval in EDTA, pH 9.0, at 104°C for 20 min using a pressure cooker. Slides were cooled for 10 min at room temperature and all subsequent steps were also performed at room temperature.
Endogenous peroxidase activity was quenched with 0.03% H 2 O 2 containing sodium azide for 5 min. Sections were blocked in a serum-free protein block (X0909; Dako, Carpinteria, CA) for 20 min and then stained with anti-CD34 mouse monoclonal antibody (M7165, Dako; 1:100) for 30 min. CD34 staining was visualized with EnVision+ detection system (K4007, Dako) for 30 min and DAB chromogen for 5 min. Insulin and islet amyloid were visualized as follows. Sections were deparaffinized and rehydrated through a graded alcohol series. Non-specific binding was blocked by incubation of slides in 1×PBS containing 5% (v/v) normal donkey serum. Sections were incubated with anti-insulin antibody (IS002, Dako; 1:2000) followed by Cy3-conjugated donkey anti-guinea pig IgG (Jackson ImmunoResearch, West Grove, PA; 1:500) prepared in 1% (v/v) bovine serum albumin/0.1% (v/v) Triton X-100/1× PBS. Sections were then counterstained with thioflavin S (0.5% w/v) to visualize amyloid deposits. Pancreatic sections were imaged at 20× magnification with either an Olympus BX41 microscope or using whole-slide imaging devices ScanScope CS and ScanScope FL (Aperio Technologies, Inc.; Vista, CA).
Quantitative Morphometric Analyses
Vascular morphometry was performed using MetaMorph version 7.0 software (Universal Imaging Inc., Bedford Hills, NY). Integrated morphometry analysis was applied to 20-30 islets per tissue block to determine islet capillary density expressed as the number of capillaries per islet area (Brissova et al. 2006 ). Capillaries were counted using a technique described by Weidner and colleagues (Weidner 1995) where any fluorescently or chromogen-labeled endothelial cell or endothelial cluster clearly separate from adjacent microvessels was considered a single, countable microvessel. Islet amyloid deposition was computed as Σ thioflavin S-positive area / Σ islet area, as previously described (Jurgens et al. 2011) .
Statistical Analysis
Student's t-test was used for comparisons of two groups; this is with the exception of categorical data, which were compared using a Fisher's exact test. All data are presented as the mean ± SEM and a p<0.05 is considered significant.
Results
Islet Capillary Density Differs in Mouse and Human Pancreata
Several studies have previously demonstrated that mouse and rat islets are extensively vascularized (Bonner-Weir and Orci 1982; Brissova et al. 2006; Nyman et al. 2008) . To compare islet vascularization in mouse and human islets, pancreatic sections were labeled with lectin-FITC or CD34 vascular markers, and islet capillary density was analyzed by morphometry ( Fig. 1A, 1B ). Whereas islet cross-sectional area was similar in both species (Fig. 1C) , islet capillary density was nearly five-fold lower in the human compared with mouse islets (Fig. 1D ). In addition to lower density, the capillaries in human islets appeared to be significantly less tortuous than those in the mouse. Our data indicate that the angioarchitecture differs dramatically between mouse and human islets. This may have important physiological implications for islet function.
Islet Capillary Density in Type 2 Diabetes
Next, we analyzed the vascular phenotype of islets in autopsy specimens from subjects with T2D and compared it with non-diabetic control samples. The group characteristics for these subjects, where available, are provided in Table 1 . Representative examples of islet morphology and CD34 capillary labeling in control and T2D subjects are displayed in Figure 2 . In a small subset of T2D islets, CD34 + capillaries were contiguous and similar to the controls ( Fig. 2A-2D ). However, the vast majority of T2D islets had capillaries of irregular appearance ( Fig. 2E, 2F ), suggesting that they are morphologically altered. In addition, intra-islet capillaries in T2D islets were frequently thicker, but the thickness of peri-islet capillaries was similar to that of control islets ( Fig. 2D-2F; arrowheads) . Furthermore, we found that some T2D islets displayed partial or near complete loss of hematoxylin-positive nuclei (Figs. 2F and 3F), which correlated with amyloid deposits (Fig. 3C ). Morphometric analysis showed that the average islet cross-sectional area did not differ between T2D and control groups (Fig. 2G) . In contrast, islet capillary density was 36% greater in subjects with T2D compared with controls ( Fig. 2H ).
Association between Fragmentation of Islet Capillaries and Amyloid Deposition
Amyloid deposition in T2D islets is localized to the perivascular space (de Koning et al. 1994; Narita et al. 1992; Schneider et al. 1980 ) and is associated with increased β cell apoptosis and β cell loss (Jurgens et al. 2011) . In this study, islet amyloid was present in 8/9 diabetic subjects (comprising, on average, 14% ± 4% of islet area). To determine whether islet amyloid deposits are also associated with abnormal islet capillary morphology, co-registration of digital islet images from consecutive pancreatic sections stained for CD34 and insulin/thioflavin S, respectively, was performed. This analysis revealed extensive islet amyloid deposition especially in regions with thicker islet capillaries (Fig. 3B, 3C, 3E, 3F ). Among these subjects, a modest positive correlation (r = 0.53; p=0.1) between islet amyloid severity and capillary density was observed.
Discussion
We have determined, for the first time, pancreatic islet capillary density in human autopsy specimens and have made the following two key observations. First, relative to mouse (and rat) islets, capillary density is substantially lower in human islets. This further underscores the difference in islet morphology that exists between rodents and humans. Second, we observed that islet capillary density was significantly increased, by 36%, in islets from subjects with T2D relative to age-matched non-diabetic controls. This increase in capillary density was associated with capillary thickening and fragmentation, suggesting that abnormalities in islet capillary morphology occur in human T2D.
Islet vasculature, among other functions, provides a scaffold for extension of nerve fibers into islets and is essential for islet autonomic innervation (Reinert et al. 2014) . The five-fold lower islet capillary density observed in the present study is in line with reports of innervation of human islets, which found an approximate 50% decrease in sympathetic innervation between human and mouse islets (Rodriguez-Diaz et al. 2011) . This observation suggests that there may be a different spatial relationship between capillaries (and nerves) and endocrine cells in humans versus rodents; namely, that each endocrine cell in rodent islets is in contact with a capillary (Kragl and Lammert 2010) . Based on the data from the present study, it is not clear whether such is the case in human islets. Aside from changes in vascular/ nerve fiber density, the capillary-associated extracellular matrix (basement membrane) is also thicker in human than rodent islets Virtanen et al. 2008) . Islet endothelial cells and extracellular matrix molecules have both been suggested to be critical for maintaining islet viability and function (Kragl and Lammert 2010) . The manner in which islet endothelial cells and the associated extracellular matrix interact with endocrine cells in human islets to modulate their function and survival may be different from that which occurs in rodent islets. This needs to be further evaluated, in light of the present findings. Although the difference in islet capillary density between rodent and human islets is substantial, it is less clear whether non-human primate (NHP) and human islet vascular density are more similar. A recent report stated that islets in normal human primates are "highly vascularized", based on a greater degree of CD31 (platelet endothelial cell adhesion molecule 1) immunoreactivity in endocrine versus exocrine pancreata (Pound et al. 2014) . The methods of quantitation and units for data presentation differ between this study and the present one, making it difficult to directly compare islet capillary density per se. However, the appearance of the islet vasculature in the NHP study is similar to that seen in human islets in the present study and appears quite different from that of rodent islets. In rodent islets, there is a clear increase in islet vascular and nerve density relative to that of the exocrine pancreas Rodriguez-Diaz et al. 2011 ). However, this difference does not exist in humans, with vascular (data not shown) and nerve fiber density [(Rodriguez-Diaz et al. 2011 ) and personal communication with G.J. Taborsky Jr, University of Washington] being similar in the human endocrine and exocrine pancreata.
A limitation of this study is that it is not possible to discern whether the increase in CD34 + capillaries equates to an increase in functional blood vessels (McDonald and Choyke 2003) . In fact, our examination of CD34 labeling in T2D islets suggests that a breakdown of normal capillary morphology has occurred. Thus, we believe it is likely that the seeming increase in islet capillary density could result from vascular thickening, which would lead to vessel instability and fragment formation, and therefore overall greater vessel count in T2D islets. Islet capillary dilation/thickening has been described in rodent models of insulin resistance and diabetes (Li et al. 2006; Mizuno et al. 1999 ; Nakamura et al. The majority of T2D islets had capillaries of irregular appearance, with a diffuse CD34 staining pattern. (F) Some T2D islets displayed partial or near complete loss of hematoxylin-positive nuclei (area marked by asterisk). Brackets in A-F denote an islet (i). Intra-islet capillaries in T2D islets were frequently thicker as compared with control islets (arrowheads). (G) Area of individual islets was similar in normal (n=8) and T2D pancreatic tissues (n=9). p=0.55. (H) Islets in T2D subjects (n=9) had higher capillary density as compared with controls (n=8). ***p<0.001. Scale, 100 μm. 1995). In these models, β cell hyperplasia and islet hyperplasticity were accompanied by a decrease in islet capillary density; yet, capillaries compensated for the lack of angiogenesis by increasing thickness/dilation. Dilated capillaries were frequently associated with hypertrophied supporting pericytes, and occasional hemorrhaging was noted Nakamura et al. 1995) .
A weak association between the presence of "fragmented" capillaries (measured as increased capillary density) and islet amyloid deposition was noted in the present study. The investigation of a greater number of subjects is required in order to better understand this relationship. Islet amyloid accumulates in the peri-capillary islet extracellular matrix. Although its unique amyloidogenic component is the β cell-derived peptide islet amyloid polypeptide (IAPP or amylin), islet amyloid deposits also contain extracellular matrix molecules (e.g., heparan sulfate proteoglycans) that are chiefly derived from islet endothelial cells. Based on data from the Alzheimer's disease-related peptide Aβ, endothelial cells are susceptible to toxicity by amyloidogenic peptides (Preston et al. 1998; Thomas et al. 1996) , and amyloid deposition in the brain of subjects with Alzheimer's disease is associated with altered endothelial structure (Thomas et al. 1996) . Additionally, it has been shown that amyloid peptide toxicity to endothelial cells varies markedly with the state of the cell; namely, confluent monolayers of cells are much more resistant to Aβ toxicity than subconfluent cells (Balcells et al. 2008) . Thus, islet amyloid deposition could contribute to the disturbance of islet capillary morphology in T2D, with fragmented capillaries in islets from subjects with T2D having increased susceptibility to amyloid toxicity, regardless of the mechanism by which fragmentation occurs.
In summary, we have identified major differences in islet angioarchitecture between rodents and humans, with a fivefold lower vascular density occurring in human islets. In human T2D, islet capillary density is significantly increased and appears to be associated with capillary dilation and fragmentation. Thus, disturbances in islet capillary integrity may contribute to a deterioration of β cell/islet function and exacerbate β cell loss in T2D.
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